Abstract. The properties of metakaolin geopolymer paste are affected by the alkali concentration, the initial raw materials, solidification process, and amount of mixing water as well as the curing conditions. This study aimed to investigate the effect of curing temperature (room temperature, 40°C, 60°C, 80°C and 100°C) and curing time (6h, 12h, 24h, 48h and 72h) on the geopolymer pastes produced from geopolymer powder. The results showed that curing at room temperature was unfeasible. Heat was required for the geopolymerization process, where strength increased as the curing temperature was increased. Moderate elevated curing temperature favored the strength development of geopolymer pastes in comparison with those treated with extreme elevated curing temperature. When geopolymer paste was subjected to extreme elevated curing temperature, shorter curing time should be used to avoid deterioration in strength gain. Similarly, longer curing time was recommended for moderate elevated curing temperature. The microstructure of geopolymer paste cured at moderate curing temperature showed obvious densification of structure. In contrast, the structure formed was weak and less compact at very high elevated curing temperature.
Introduction
Geopolymers are a type of cross-linked long chain inorganic materials between tetrahedral AlO 4 and SiO 4 unit which built in three dimensional framework structure. They are synthesized through the alkaline activation of aluminosilicate sources at ambient or higher temperature [1] . The process responsible for the formation of geopolymers is called geopolymerization. The geopolymerization steps can be supposed in 3 stages: (1) deconstruction; (2) polymerization and (3) stabilization [2] . These stages can hardly be separated because they may occur simultaneously [2, 3] . Thus, the geopolymerization process is a complicated process and the exact involved mechanism is not fully understood until now.
According to Alonso and Palomo [4] , the geopolymer formation was affected by the curing temperature as well as the alkali concentration and the chemical composition of the aluminosilicate sources. Other researchers also concluded the curing regime as one of the main parameter to be considered during the synthesis of geopolymers [5, 6] . The curing process is different for geopolymers and ordinary Portland cement (OPC). The heat curing of OPC causes problems such as expansion, cracking that reduces in strength and service life [7] . Likewise, the heat curing of geopolymers at temperature ranging from room temperature to 100°C increases the strength. Curing of geopolymers products can be done in two methods, that is dry curing and steam curing [8] . Drycured geopolymers were believed to possess better strength than steam-cured geopolymers [9] . Dry curing is most commonly used in practice. On the other hand, the synthesis of geopolymers using steam curing has been reported by Hardjito and Rangan [9] and Wallah [10] where the geopolymer paste was initially steam-cured for 4 hours and then continued for another 21 hours. The authors stated that the 2 steps steam curing do not degrade the strength of the geopolymers formed.
In this study, the influence of various curing regimes on the synthesis of metakaolin geopolymer pastes synthesized from geopolymer powder was investigated. The geopolymer samples were cured from room temperature up to 100°C for 6h, 12h, 24h, 28h and 72h. The compressive strength, setting time and morphological study of the geopolymer pastes were carried out.
Methodology
Materials. Kaolin (Associated Kaolin Industries Sdn. Bhd., Malaysia) was used as the aluminosilicate source. The chemical composition of kaolin as determined by X-Ray Fluorescence (XRF) analysis is given in Table 1 . Metakaolin (MK) was prepared by thermal treatment at 800°C for 2 hours. The temperature and time for thermal treatment was selected as referring to Wenjing et al. [11] . The NaOH powder (Formosa Plastic Corporation, Taiwan) with 99% purity and under the brand name of Formosoda-P was used. A technical grade waterglass (Na 2 SiO 3 ) liquid used (South Pacific Chemicals Industries Sdn. Bhd. (SPCI), Malaysia) has chemical composition of 30.1% SiO 2 , 9.4% Na 2 O and 60.5% H 2 O. Modulus (SiO 2 /Na 2 O ratio) of the waterglass liquid was 3.20. The specific gravity and viscosity at 20°C were 1.4 and 0.4 Pa·s, respectively. Stock solution of 8M NaOH solution was prepared and allowed to cool down to room temperature. NaOH solution and Na 2 SiO 3 liquid were mixed to prepare activator solution with modulus of 0.28. This activator solution was prepared 24 hours before use. Sample Preparation. MK was mixed with activator solution at MK/activator mass ratio of 0.80 for a few minutes by using mechanical mixer to obtain homogeneous slurry. The fresh geopolymer slurry was then poured into 50-mm steel molds. The samples were compacted as described in ASTM C109 [12] . The molded samples were sealed with a film to prevent moisture loss. All specimens were heated undisturbed in an oven at 80°C for 4 hours. The solidified geopolymer samples were then pulverized using a mortar and pestle, grinder, and then passed through a sieve mesh to obtain geopolymer powder [13, 14] . The geopolymer powder was mixed with 22% of water to produce MK geopolymer pastes. One set of the geopolymer pastes were cured in room temperature. The other set of geopolymer pastes were cured in oven at 40°C, 60°C and 80°C for 4h, 6h, 12h, 24h, 28h and 72h. After curing, the geopolymer pastes were kept in room temperature until the day of testing.
Testing and Analysis Methods. Setting times of geopolymer pastes were measured as accordance to ASTM C191 [15] using Vicat needle. The penetration for every 15 minutes interval was recorded until a penetration of 25 mm or less was obtained. The initial setting was determined by interpolation at 25 mm penetration. The final setting time, defined as the time when the needle did not sink visibly into the paste, was also determined. The compressive strengths were measured by referring the ASTM C 109/C 109M -08 [12] by using the Instron machine series 5569 Mechanical Tester. A minimum of three specimens were tested to evaluate the strength gain for the specimens.
A JSM-6460LA model Scanning Electron Microscope (JEOL) was performed to reveal the microstructure at various curing regimes. The specimens were cut into small pieces and coated with platinum by using an Auto Fine Coater, model JEOL JFC 1600 before the examination.
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Results and Discussions
Setting Time. Fig. 1 shows the setting time measurement of geopolymer pastes at various curing temperature. The measurement results clearly show that the setting time is influenced significantly by the curing temperature. In other words, the curing temperature is important in the setting and hardening of the geopolymer pastes [7, 16] . At room temperature, the geopolymer pastes set very slowly. The geopolymer pastes reached its initial and final setting at 923 minutes and 1200 minutes, respectively. As the curing temperature increased, both initial and final setting times decreased [17] . This was probably due to the acceleration of the geopolymerization reaction in presence of heat. However, the geopolymer pastes, generally, can be handled up to 78 minutes in the temperature ranging from 40°C to 100°C. The initial setting times of the cured geopolymer pastes at 40°C, 60°C, 80°C and 100°C were 637 minutes, 337 minutes, 165 minutes and 79 minutes, respectively. At 795 minutes, the geopolymer pastes cured at 40°C hardened. On the other hand, the geopolymer pastes set at 420 minutes at 60°C and at 165 minutes at 80°C. At curing temperature of 100°C, the geopolymer pastes set very fast where the paste hardened in 120 minutes. Compressive Strength. Using the above synthesis method, the formation of geopolymer pastes is based on the continual dissolution of the MK source materials and consequently the continual polymerization of the dissolved species to form geopolymer gels [13] . The compressive test results show no strength recorded on day 1 for geopolymer paste cured at room temperature. However, the strength increased very slowly and the geopolymer pastes achieved strength of only 2.14 MPa on 28 days. This result was supported by Kirschner et al. [18] who stated that ambient temperature was unfeasible due to a delay in the beginning of setting. Therefore, heat is relatively important in geopolymer synthesis. Fig. 2 presents the compressive strength of geopolymer pastes at various curing regimes. In general, the compressive strength of geopolymer pastes increased with the curing temperature and time. At low curing temperature, the continual dissolution of the MK was slow and thus the geopolymerization process was slow as well. The chemical reaction speeded up at higher temperature [8] . By this mean, the increase in the curing temperature tends to improve the geopolymerization process which results in higher compressive strength. Strength increased with the rise in temperature at shorter curing time. At moderate elevated curing temperature (40°C and 60°C), the geopolymer pastes gained strength without decrease over ages even they were heat-cured up to 72h. This was also supported by Yao et al. [2] . The strength gain at 40°C was only slightly higher than that at room temperature. Whilst, heat curing at 60°C showed faster strength gain than that cured at 40°C. A deteriorate effect was observed when longer curing time was employed. Although the initial strength gain was fast at elevated temperature, yet the geopolymer pastes degraded in strength when the samples were cured for prolonged period of time. The geopolymer pastes cured at 80°C for 72h started to decrease in strength after 7 days. In addition, 100°C cured samples for 24h and 48h declined in strength after 3 days. The similar observations were reported for 100°C samples cured for 72h which decreases in strength after only 1 day. According to the previous research [7] , prolonged curing time will break the granular structure of geopolymers exposing the structure to extensive moisture loss and shrinkage. In other words, curing at very high curing temperature for long period of time deteriorated the strength development. Curing at higher temperature with shorter curing time favored the compressive strength development and vice versa.
On the other hand, at extreme elevated curing temperature (100°C), the continual dissolution of MK particles was believed very fast. This promoted a quick polymerization to form geopolymer gels and then quick transformation into hard structures. This can be proved by the fast setting of the paste in Fig. 1 . Even so, this phenomena was unfavorable as the geopolymer gels formed hindered the continual dissolution and formed homogeneous structure [2] . Hence, very high curing temperature prevented the formation of good structures. Fig. 3f reveals the formation of poor structure at 100°C. In conclusion, the optimum curing condition concluded from this study was 60°C for 72 hours with strength of 9.85 MPa at 28 days. Strength showed marked increment when heat-cured below 100°C. When higher curing temperature was used, the shorter curing time should be chosen to avoid minus effect. Morphological Study. Fig. 3 shows the microstructures of geopolymer pastes at various curing regimes. At day 1, the 60°C cured geopolymer paste for 72h has large portion of unreacted MK particles with many voids. Over ages, obvious densification of structure was observed (Figs. 3a-3d ). More geopolymer gels intervened together to form a compact structure with less voids. The microstructure supported the increasing compressive strength from 1 day to 28 days ( Fig. 2) . Fig. 3e displays the 28 days microstructure of geopolymer paste subjected to 80°C for 72h. The microstructure was complied with the decrease in compressive strength after 7 days. Looselypacked structure, voids and a little bit unreacted MK particles were observed. The microstructure was undesirable and suggested that the long curing time do not produce good structure which degrades the compressive strength. Similarly, loose structure with presence of larger voids was also revealed by the geopolymer pastes heat-cured at 100°C for 72h after day 1 (Fig. 3f) . Larger precipitates of geopolymer gels were present. This weak structure formed emphasized that the
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Advanced Materials Engineering and Technology curing temperature of 100°C is not suitable to produce paste with high strength. Rapid setting of the geopolymer pastes prevented the structure to transform into a more compact and homogeneous structure [16] . The voids as seen in the microstructure may be left as result of lost of moisture at very high temperature [7] and consequently, lower the compressive strength [6] . 
Conclusion
In this study, the effect of curing temperature and curing time on the mechanical properties of geopolymer pastes synthesized from geopolymer powder were investigated. The experimental and analytical studies led to the following conclusions.
(a) Curing temperature affected the setting and hardening of the geopolymer pastes. As curing temperature increased, the setting of geopolymer pastes was faster. (b) Curing temperature has significant effect on the mechanical properties of geopolymer pastes. At room temperature, the strength development of geopolymer pastes was extremely slow. The compressive strength increased with the increasing curing temperature. However, moderate elevated curing temperature (below 100°C) was suggested for geopolymer pastes. The combination of higher curing temperature and shorter curing time produced pastes with high strength and better structure. Similarly, the lower curing temperature together with longer curing time favored the development of geopolymer pastes. (a) The best curing regime for geopolymer pastes was 60°C for 72h. The SEM micrograph has showed obvious development of the geopolymer paste from loosely-packed structure towards a more compact and intervening structure. When the geopolymer paste was subjected to extreme elevated temperature, the structure formed was weak and less compact with presence of voids.
